ABSTRACT The recombinant nucleopolyhedrovirus of Autographa californica Speyer (AcMNPVAaIT) expressing the paralyzing toxin of scorpions (Androtoctonus australis Hector) kills caterpillars 30% faster than wild-type (wt) AcMNPV, and shows a great deal of promise as a bioinsecticide. Although it is generally believed that genetically modiÞed organisms are less Þt than their derived wild type and will not persist in the environment, a thorough assessment of the ecological risks associated with the release of AcMNPV-AaIT must be conducted before its commercialization. In this study, we focus on one aspect and compare the Þtness of AcMNPV-AaIT and wt-AcMNPV during intra-host competition. Cabbage loopers (Trichoplusia ni Hü bner) were synchronously or asynchronously infected with wt-AcMNPV and AcMNPV-AaIT, and the polymerase chain reaction was used to monitor the outcome of intra-host competition. There was no indication that AcMNPV-AaIT was less Þt than wt-AcMNPV when T. ni were synchronously fed equal doses of each NPV. Serially passing the occlusion bodies had little effect on the persistence of AcMNPV-AaIT. After seven passages, the recombinant virus was found alone or with wt-AcMNPV in 71% (12/17) of replicates whereas wt-AcMNPV occurred alone or mixed in 88% (15/17) of replicates. Dose and synchrony of infection both affected the outcome of intra-host competition. The virus with the highest dose and the Þrst one given to T. ni had a signiÞcant competitive advantage. Finally, the AaIT insert appeared to be stable because there was no evidence that it got deleted from the recombinant genome even after AcMNPV-AaIT was serially passed seven times in T. ni. As a complementary study, we also examined intra-host competition between two wild type NPVs, wt-AcMNPV and the single nucleocapsid (S) nucleopolyhedrovirus of T. ni (TnSNPV). Our results suggest that the two viruses are equally Þt during intra-host competition. Serially passing the occlusion bodies did not inßuence the outcome but NPV dose and synchrony of infection were again strong determinants of intra-host competition.
IN THE PAST few years, there has been increasing concern and growing controversy over the use of genetically modiÞed organisms (e.g., Butler et al. 1999 , Crawley 1999 , Losey et al. 1999 ). Proponents of genetically modiÞed organisms stress that these organisms present an enormous opportunity for improving human health and the environment. Crops have been genetically engineered for increased yield, nutritional value, and resistance to pesticides and herbivorous insects while recombinant microorganisms capable of detoxifying hazardous waste can be used in environmental cleanups (e.g., Short et al. 1990 , Butler et al. 1999 . Conversely, opponents of genetically modiÞed organisms argue that the environmental risk of releasing these organisms has not been adequately assessed. Of particular concern is that genetically modiÞed organisms are living, replicating organisms and it may not be possible to control an adverse effect simply by discontinuing further releases. However, it is generally believed that genetically modiÞed organisms are less Þt, poorer competitors than their derived wild types because of energetic inefÞciencies and disruption of genomic coadaptation and that they will not persist in the wild (Lenski 1993) . Although many studies support this hypothesis (e.g., Kozdroj 1996 , Vahjen et al. 1997 , there are several counterexamples that show that genetic modiÞcations have no effects on Þtness (e.g., England et al. 1993 , Araujo et al. 1995 .
Nucleopolyhedroviruses (NPVs) are naturally occurring, lethal pathogens that mainly infect lepidopteran larvae and that do not replicate in vertebrate cells. These characteristics make them well suited for being developed as bioinsecticides against pest caterpillars. One major drawback of NPVs is that they require 7Ð14 d to kill the larvae. During that time, the caterpillars continue to feed and to damage the plant or tree. McCutchen et al. (1991) genetically engineered an NPV by inserting the arthropod speciÞc neurotoxin (AaIT) of scorpions (Androtoctonus australis Hector) into the genome of the Autographa californica Speyer MNPV (AcMNPV). This recombinant AcMNPV-AaIT kills cabbage loopers (Trichoplusia ni Hü bner) larvae 30% faster than wild type (wt) AcM-NPV (Cory et al. 1994) , and is poised for being registered for commercial use. However, one concern is that AcMNPV has a very broad host range (e.g., Grö ner 1986) and the release of AcMNPV-AaIT could potentially affect many nontarget caterpillar species. Hence, a thorough assessment of the ecological risks including the competitive ability of AcMNPV-AaIT versus wt-AcMNPV should be conducted before Ac-MNPV-AaIT is commercially used.
The outcome of competition between wt-AcMNPV and AcMNPV-AaIT will depend on the Þtness of each virus in pure and mixed infections (see Evans and Entwistle 1987 , May and Nowak 1995 , Cory et al. 1997 . AcMNPV-AaIT is believed to be less Þt than wt-AcMNPV in pure infections predominantly because it only produces 20% the occlusion bodies (OBs) of a wt-AcMNPV infection (Kunini et al. 1996) . In the case of mixed infections, theoretical models suggest that selection will favor the most virulent and faster replicating NPV (e.g., Bremermann and Pickering 1983 , Bonhoeffer and Nowak 1994 , Nowak and May 1994 , May and Nowak 1995 , van Baalen and Sabelis 1995 . At present, little is known about the comparative replication rates of wt-AcMNPV and AcMNPVAaIT (Kunimi et al. 1996) and thus it is difÞcult to predict the outcome of competition between these two viruses in mixed infections.
Hence, the purpose of this study is to determine the outcome of competition between the recombinant AcMNPV-AaIT and wt-AcMNPV in mixed infections. To achieve this goal, T. ni larvae were simultaneously infected with the two viruses and the outcome of competition was monitored with the polymerase chain reaction (PCR). To determine if several rounds of competition are necessary for one virus to exclude the other, the occlusion bodies recovered from the cadavers were serially passed seven times in T. ni. Finally, we examined the effect of dose and staggering the infections on the outcome of intra-host competition.
In addition, as a comparison we repeated the above experiments with two wild type viruses, the single nucleocapsid nucleopolyhedrovirus of T. ni (TnSNPV) and wt-AcMNPV. We conducted this study because the majority of NPVs appear to have narrow host ranges (Cory et al. 1997) , and thus may have specialized adaptations that allow them to infect and overcome host defenses very effectively. Conversely, wt-AcM-NPV has an unusually broad host range and it may have evolved more generic adaptations. Such generic adaptations may come at a cost (see Stearns 1992) , and wt-AcMNPV may have to trade off its broad host range for a reduced efÞciency at infecting any given species.
Materials and Methods
AcMNPV-AaIT/wt-AcMNPV Intra-Host Competition. Wild-type AcMNPV (clone C6) and AcMNPVAaIT (kindly provided by Dr. Bruce Hammock; University of California at Davis) were separately passed in our T. ni. The OBs were puriÞed from the cadavers (see Hostetter et al. 1990) , and the concentration of the two stock suspensions was determined with an improved Neubauer hemacytometer.
T. ni neonates were individually placed in 25-ml plastic cups containing high wheat germ diet (Jaques 1967) , and reared at 26 Ϯ 1ЊC with a photoperiod of 16:8 (L:D) h. At 168 h of age (Þfth instar), larvae were simultaneously infected per os (Milks 1997 ) with 10,000, 750, or 375 OBs of both viruses (see Table 1 for sample sizes). These doses were chosen because they had been shown to respectively kill 100, 60, and 20% or T. ni larvae infected at 168 h of age (M.L.M., unpublished data).
To determine if more than one passage in T. ni is necessary for one virus to outcompete the other, 17 of the larvae (from this point on called replicates) that had simultaneously been infected with 10,000 OBs of AcMNPV-AaIT and wt-AcMNPV were randomly selected. The OBs were puriÞed from each cadaver (see Hostetter et al. 1990) , and the Þnal pellet, which contained the OBs, was resuspended in 1 ml of sterile distilled water. One microliter from each of those OB solutions (Ϸ10 6 OBs) was then used to infect one larva (168 h old). This procedure was repeated for a total of seven passages.
To determine the effect of dose and synchrony of infection on the outcome of AcMNPV-AaIT/wt-Ac-MNPV competition, 168 h old caterpillars were simultaneously infected with 10,000, 750, 375, or 0 OBs of AcMNPV-AaIT and 10,000, 750, 375, or 0 OBs of wtAcMNPV (see Table 1 for sample sizes). In the next treatment, T. ni larvae that were 144 h old (late fourth instar) were infected with one of the four doses of AcMNPV-AaIT. Twenty-four hours later, the larvae were infected with one of four doses of wt-AcMNPV. In the last treatment, larvae were infected with wtAcMNPV Þrst and AcMNPV-AaIT second (see Table  1 for sample sizes).
To determine if AcMNPV-AaIT may lose out in intra-host competition to wt-AcMNPV because of a deletion event resulting in the loss of the AaIT insert, T. ni larvae (N ϭ 17) were infected with 10,000 OBs of AcMNPV-AaIT stock. The OBs were puriÞed from the cadavers and resuspended in 1 ml of sterile distilled water. One microliter from each of those OBs solutions was used to inoculate one larva. In all, the OBs were serially passed in T. ni larvae seven times.
The outcome of all preceding experiments was monitored with the PCR using a pair of primers than span the AaIT insert (forward: 5Ј atgagacgaacaaactaata 3Ј; reverse: 5Ј atcctcagccactaggtagt 3Ј). Occlusion bodies and viral DNA were isolated from each cadaver as described in Hostetter et al. (1990) , and the viral DNA was used as a template in the PCR reaction. Reaction conditions included one denaturation cycle at 94ЊC followed by 40 cycles of 45 s at 94ЊC, 30 s at 58ЊC, and 30 s at 72ЊC. These primers ampliÞed a PCR product of 305 bp with wt-AcMNPV DNA and one of 1,382 bp with AcMNPV-AaIT DNA. This pair of primers consistently detected 0.002 ng of wt-AcMNPV and AcMNPV-AaIT DNA, respectively. In synchronous infections, caterpillars were simultaneously infected with wt-AcMNPV and AcMNPV-AaIT at 168 h of age. In asynchronous infections, caterpillars were infected with one virus at 144 h of age and typically 24 h later with the second one.
TnSNPV/wt-AcMNPV Intra-Host Competition. All of the preceding experiments (simultaneous and asynchronous infections with varying doses of each NPV) were repeated with TnSNPV and wt-AcMNPV. The virus stocks used in these experiments had also been passed once in our T. ni. The TnSNPV doses were 15,000, 7,500, 3,750, and 0 OBs per larva while the wt-AcMNPV doses were 10,000, 750, 375, and 0 OBs per larva (see Table 1 for sample sizes of each treatment). These doses were chosen because they had previously been shown to kill about the same proportion of T. ni caterpillars infected at 168 h of age (100, 60, and 20% respectively; M.L.M., unpublished data).
To determine if more than one passage is necessary for one virus to competitively exclude the other, 18 of the larvae that had simultaneously been inoculated with 15,000 OBs of TnSNPV and 10,000 OBs of wtAcMNPV were randomly selected. The OBs were puriÞed from each cadaver and 1 l of the isolated OBs (Ϸ10 6 OBs) were then used to infect one larva (168 h old). This procedure was repeated for a total of seven passages.
Again, the outcome of competition was monitored by PCR with two pairs of virus speciÞc primers (one denaturation cycle at 94ЊC followed by 40 cycles of 30 s at 94ЊC, 30 s at 58ЊC, and 30 s at 72ЊC). One pair (forward primer: 5Ј tgtatatgcgtaggagagcc 3Ј; reverse primer: 5Ј ctcgcaactgtttcaagtac 3Ј) was speciÞc to wtAcMNPV DNA and ampliÞed a 617 bp product, whereas the other one (forward primer: 5Ј attcgctgtattgtggtaga 3Ј; reverse primer: 5Ј gcccatcgaaatcaagtgtc 3Ј) was speciÞc to TnSNPV DNA and produced a 405 bp product. Both primer pairs consistently detected 0.007 ng of wt-AcMNPV and TnSNPV DNA, respectively. For both competition experiments combined, 3.7% (32/863) of all samples did not produce a PCR product. In the majority of those cases, it appears that there was low recovery of OBs and hence DNA based on spectrophotometric analyses of those samples. Our previous work with viral DNA puriÞed from insect cadavers also suggests that there are unidentiÞed insect compounds that interfere with PCR (D.A.T., unpublished data).
Statistics. Multivariate logistic regression analyses (PROC LOGISTIC; SAS Institute 1990) were used to determine the effect of NPV dose, synchrony of infection and order in which the NPVs were given to the larvae on the percentage of cadavers that were positive for only one (AcMNPV-AaIT or wt-AcMNPV; TnSNPV or wt-AcMNPV) or for both viruses. The effect of infection synchrony and sequence was investigated using two dummy variables (SYNCHRONY and ORDER, respectively; see Draper and Smith 1980) . The values that were assigned were: SYN-CHRONY ϭ Ϫ1 and ORDER ϭ 1 when AcMNPVAaIT or TnSNPV were given Þrst to caterpillars; SYN-CHRONY ϭ Ϫ1 and ORDER ϭ -1 when wt-AcMNPV was given Þrst; SYNCHRONY ϭ 2 and ORDER ϭ 0 when larvae were simultaneously infected with two NPVs.
Results

AcMNPV-AaIT/wt-AcMNPV Intra-Host Competition
Infection of Caterpillars with AcMNPV-AaIT or wt-AcMNPV only. The mortality of caterpillars that were only infected with AcMNPV-AaIT or wt-AcMNPV at 168-h of age did not vary signiÞcantly between viruses at the high, mid-and low doses (Table 1: high doses ϭ 10,000 OBs: wt-AcMNPV and AcMNPV-AaIT ϭ 100%: mid-doses ϭ 750 OBs: wt-AcMNPV and AcMNPV-AaIT ϭ 65%: low doses ϭ 375 OBs; wt-AcMNPV ϭ 15%: AcMNPV-AaIT ϭ 35%, 2 ϭ 1.3, df ϭ 1, P Ͼ 0.25).
Simultaneous Infections. The majority (77%) of cadavers that had been simultaneously infected with 10,000 OBs of wt-AcMNPV and AcMNPV-AaIT were positive for both viruses ( Fig. 1; Table 1 ). wt-AcMNPV was found alone signiÞcantly more frequently than AcMNPV-AaIT in the remaining cadavers ( 2 ϭ 4.5, 0.025 Ͻ P Ͻ 0.05; Table 1 ). Conversely, the two viruses were seldom (Ͻ15%) detected together in the midand low dose treatments (Table 1) . Furthermore, wtAcMNPV and AcMNPV-AaIT were detected alone equally frequently in both treatments (mid-dose: 2 ϭ 1: low dose: 2 ϭ 3 : both P Ͼ 0.05; Table 1 ). For the three treatments combined, wt-AcMNPV was observed alone in 25% of cadavers compared with 19% for AcMNPV-AaIT, respectively ( 2 ϭ 0.45, P Ͼ 0.50; Table 1 ). Overall, wt-AcMNPV was found (alone or mixed) in 72% of replicates compared with 67% for AcMNPV-AaIT ( 2 ϭ 0.15, P Ͼ 0.50; Table 1 ). Effects of Multiple Serial Passages. Most (14/17) replicates were positive for wt-AcMNPV and AcM-NPV-AaIT at passage 1 (Table 2) . Of those 14 replicates, nine were positive for both viruses at passage 7, whereas AcMNPV-AaIT and wt-AcMNPV occurred alone in one and four replicates, respectively ( 2 ϭ 2.67, df ϭ 1, P Ͼ 0.10; Table 2 ). In 2/17 replicates, only wt-AcMNPV or AcMNPV-AaIT was found at passages 1 and 7 (Table 2 ). The last replicate was positive for wt-AcMNPV at passage 1 but both viruses were detected at passage 7 (Table 2) . Overall, after seven passages, wt-AcMNPV was found alone or mixed in 88% (15/17) replicates compared with 71% (12/17) for AcMNPV-AaIT (Table 2; 2 ϭ 0.34, P Ͼ 0.50). Effects of NPV Dose and Synchrony of Infection. The probability of detecting one NPV alone (wt-AcMNPV or AcMNPV-AaIT) increased with the dose of that virus and decreased with the dose of the other virus (Tables 1 and 3 ). The logistic regression coefÞcient of ORDER was signiÞcant indicating that the probability of detecting one virus alone was greatest when it was the Þrst one fed to caterpillars (Tables 1 and 3 ; the negative sign of the ORDER dummy variable in the model of Pr (wt-AcMNPV only) indicates that there is a greater probability of observing wt-AcMNPV alone in a sample. Because ORDER was assigned a value of Ϫ1 when wt-AcMNPV is fed Þrst to the caterpillars; see Materials and Methods).
The proportion of cadavers that were positive for both viruses increased with the dose of each virus, and was greatest when the caterpillars were simulta-neously (25%) rather than asynchronously (3%) fed AcMNPV-AaIT and wt-AcMNPV (i.e., the logistic regression coefÞcient of SYNCRONY was positive: Tables 1 and 3). The proportion of cadavers that were positive for both viruses did not vary whether caterpillars were Þrst inoculated with wt-AcMNPV (6% of cadavers) or AcMNPV-AaIT (0%) (i.e.,., the logistic regression coefÞcient of ORDER was not signiÞcant: Tables 1 and 3) .
Stability of AaIT Insert. The AaIT insert did not appear to be costly or to affect the Þtness of the recombinant virus. After being passed seven times in T. ni larvae, AcMNPV-AaIT was the only virus detected in 17/17 replicates. PCR products indicating the loss of the AaIT insert were never observed.
TnSNPV/wt-AcMNPV Intra-Host Competition
Infection of Caterpillars with TnSNPV or wt-AcMNPV
Only. The mortality of caterpillars that were only infected with TnSNPV or wt-AcMNPV (at 168 h of age) did not vary signiÞcantly between viruses at the high, mid-or low doses (Table 4: high doses: 15,000 OBs of TnSNPV ϭ 100%; 10,000 OBs of wt-AcMNPV ϭ 89%: mid-doses: 7,500 OBs of TnSNPV ϭ 75%; 750 OBs of wt-AcMNPV ϭ 76%: low doses: 3,750 OBs of TnSNPV ϭ 59%: 375 OBs of wt-AcMNPV ϭ 41%: all 2 Ͻ 0.50, df ϭ 1, P Ͼ 0.50, all). Simultaneous Infections. The majority (60%) of larvae that had simultaneously been infected with 10,000 OBs of wt-AcMNPV and 15,000 OBs of TnSNPV were positive for both viruses (Table 4) . TnSNPV and wtAcMNPV were both detected alone equally frequently in the remaining caterpillars ( 2 ϭ 1.1, df ϭ 1, P Ͼ 0.50; Table 4 ). TnSNPV and wt-AcMNPV were found alone equally frequently in the mid-and low dose treatments (both 2 Ͻ 0.8, df ϭ 1, P Ͼ 0.50). For the three treatments combined, wt-AcMNPV was observed alone in 33% of cadavers compared with 23% for TnSNPV, respectively ( 2 ϭ 1.6, df ϭ 1, P Ͼ 0.25; Table 4 ). Overall, wt-AcMNPV was found (alone or mixed) in 72% of replicates compared with 61% for TnSNPV ( 2 ϭ 13.9, df ϭ 1, P Ͼ 0.01; Table 4 ). Effects of Multiple Serial Passages. Most (13/18) replicates were positive for wt-AcMNPV and TnSNPV Lane 2: Mock, sterile distilled water as template. Lane 3: wild type AcMNPV DNA (305 bp product). Lane 4: AcMNPV-AaIT DNA (1,382 bp product). Lanes 4Ð12 are the PCR products obtained from eight caterpillars that had simultaneously been infected with 10,000 OBs of wild type AcMNPV and 10,000 OBs of AcMNPV-AaIT. Lanes 5, 9, 11, and 12 were positive for wild type AcMNPV and AcMNPV-AaIT. Lanes 6, 7, and 8 were positive for AcMNPV-AaIT only. Lane 10 was positive for wild type AcMNPV wt-Ac/Ac-AaIT wt-Ac/Ac-AaIT 5 wt-Ac/Ac-AaIT wt-Ac/Ac-AaIT 6 wt-Ac/Ac-AaIT Ac-AaIT 7 wt-Ac/Ac-AaIT wt-Ac 8 wt-Ac/Ac-AaIT wt-Ac/Ac-AaIT 9
Ac-AaIT Ac-AaIT 10 wt-Ac wt-Ac 11 wt-Ac/Ac-AaIT wt-Ac 12 wt-Ac wt-Ac/Ac-AaIT 13 wt-Ac/Ac-AaIT wt-Ac/Ac-AaIT 14 wt-Ac/Ac-AaIT wt-Ac/Ac-AaIT 15 wt-Ac/Ac-AaIT wt-Ac/Ac-AaIT 16 wt-Ac/Ac-AaIT wt-Ac/Ac-AaIT 17 wt-Ac/Ac-AaIT wt-Ac/Ac-AaIT at passage 1 (Table 5 ). Of those 13 replicates, 10 were still positive for both viruses at passage 7, whereas TnSNPV and wt-AcMNPV occurred alone in one and two replicates, respectively ( 2 ϭ 0.33, df ϭ 1, P Ͼ 0.50; Table 5 ). In 2/18 replicates, only wt-AcMNPV was found at passages 1 and 7 (Table 5 ). In the last three replicates a single NPV was detected at passage 1 but both viruses were observed at passage 7 (Table 5) . Overall, after seven passages, wt-AcMNPV was found alone or mixed in 94% (17/18) replicates compared with 78% (14/18) for TnSNPV (Table 5; 2 ϭ 0.14, P Ͼ 0.50).
Effects of NPV Dose and Synchrony of Infection. As in the case of AcMNPV-AaIT/wt-AcMNPV intra-host competition, the probability of detecting one NPV alone (wt-AcMNPV or TnSNPV) appeared to increase with the dose of that virus and to decrease with the dose of the second NPV (Tables 3 and 4 ). The logistic regression coefÞcient of ORDER was signiÞ-cant indicating that the probability of detecting one virus alone was greatest when it was the Þrst one fed to caterpillars (Tables 3 and 4 ; the negative sign of the ORDER dummy variable in the model of Pr (wtAcMNPV only) indicates that there is a greater probability of observing wt-AcMNPV alone in a sample because ORDER was assigned a value of Ϫ1 when wt-AcMNPV is fed Þrst to the caterpillars; see Materials and Methods).
The probability of a cadaver being positive for both viruses increased with the dose of both NPVs, and was greatest when the caterpillars were simultaneously (24%) rather than asynchronously (7%) wt-AcMNPV and TnSNPV (i.e., the logistic regression coefÞcient of SYNCRONY was positive: Tables 3 and 4 ). The proportion of cadavers that were positive for both viruses in asynchronous infections did not vary whether caterpillars were inoculated Þrst with wt-AcMNPV (4% of cases) or TnSNPV (11% of cases) (i.e., the logistic regression coefÞcient of ORDER was not signiÞcant; Tables 3 and 4) .
Discussion
The recombinant AcMNPV-AaIT does not appear to be less Þt than wt-AcMNPV in mixed infections.
The proportion of cadavers that were positive for AcMNPV-AaIT (alone or with wt-AcMNPV) and those that were positive for wt-AcMNPV (alone or with AcMNPV-AaIT) did not differ when larvae were simultaneously fed equal doses of the two viruses, or across all doses combined (Table 1) . Prolonging intrahost competition by serially passing the occlusion bodies did not appear to affect the outcome of competition. After seven serial passages, the proportion of cadavers in which AcMNPV-AaIT was found did not differ from that of wt-AcMNPV (Table 2) . Had we started with a mid-or low dose of both viruses we would have mainly obtained cadavers that were positive for a single virus after one passage (Table 1) . Therefore, serially passing these occlusion bodies would not have changed the outcome of intra-host competition. Perhaps had the caterpillars been infected with a high dose of one virus and a lower dose of the second one, then one of the NPVs might have been able to outcompete the other following several serial passages.
These results contradict the Þndings of other studies and the general belief that genetically modiÞed organisms are less Þt than the wild type from which they are derived. For example, Huang et al. (1991) showed that a recombinant AcMNPV expressing the beta galactosidase gene (Ac360-␤-gal) was less Þt than wild type AcMNPV when the two NPVs were coinfected in tissue culture. Our Þndings might differ from those of Huang et al. (1991) because the selective forces acting in vitro and in vivo are different. Another possible explanation is that the costs associated with the beta-galactosidase gene are greater than that of AaIT. van Elsas et al. (1991) and De Leij et al. (1998) both showed that the Þtness of different recombinant P. fluorescens strains varied depending on the insert. The cost of the AaIT gene to AcMNPV appears to be small because the insert was not lost in any of 17 replicates following seven serial passages of AcMNPVAaIT OBs in T. ni.
However, the recombinant virus does appear to be less Þt in pure infections (i.e., when caterpillars are only infected with wt-AcMNPV or AcMNPV-AaIT). A larva dying from an AcMNPV-AaIT infection only yields 20% the occlusion bodies, the cadavers tend to Only treatments in which the doses of the two NPVs was greater than 0 OB were considered in these analyses. The probability that a coefÞcient is different from zero is given in parentheses.
a Synchrony ϭ Ϫ1 when viruses fed 24 h apart. Synchrony ϭ 2 when viruses fed simultaneously. b Order ϭ Ϫ1 when wt-AcMNPV fed Þrst. Order ϭ 1 when AcMNPV-AaIT or TnSNPV fed Þrst. Order ϭ 0 when viruses fed simultaneously. Table 4 In synchronous infections, caterpillars were simultaneously infected with wt-AcMNPV and TnSNPV at 168 h of age. In asynchronous infections, caterpillars were infected with one virus at 144 h of age and typically 24 h later with the second one.
fall off the plant and do not liquefy as easily as those dying from wt-AcMNPV (Kunimi et al.1996 , Hoover et al. 1998 ). Yet, those Þndings combine to the results of the current study lead to the interesting possibility that the natural incidence of wt-AcMNPV and of mixed wt-AcMNPV/AcMNPV-AaIT infections following application of the recombinant virus, may actually facilitate the persistence and spread of AcM-NPV-AaIT in the environment. This is because AcMNPV-AaIT and wt-AcMNPV appear to be equally Þt in intra-host competition, and because the caterpillars that die from a mixed infection may stay on the plant and lyse more easily than those that die from a pure AcMNPV-AaIT infection. The effect of dose appeared to be the same whether the viruses were fed synchronously or asynchronously to larvae (Tables 1 and 3 ). The overall trend was that the probability of only detecting one virus increased with its dose and decreased with the dose of the second NPV. Similarly, the probability of a cadaver being positive for two viruses increased with the dose of each NPV. Tanada and Chang (1964) also showed that dose affected the outcome of competition between two cytoplasmic polyhedrosis viruses (CPV) in Bombyx mori L. and Colias eurydice Boisduval. The dose of NPV may be important simply because it is related to the probability of virus successfully initiating an infection and/or because the NPV with the highest dose may initiate more foci of infection in the midgut epithelium and spread through the hemocoel faster.
Lags in exposure to the NPVs were a strong determinant of intra-host competition. The probability of detecting only one NPV in a cadaver was greatest when that virus was the Þrst one fed to a caterpillar (Tables 1, 3 , and 4). Prior infection of Choristoneura fumiferana Clemens with an NPV or a granulovirus (GV) also resulted in interference of the second virus (Bird 1959) . Similar Þndings were also obtained for T. ni that were asynchronously infected with a GV and a NPV Paschke 1968a, 1968b ).
The results of our second study suggest that wtAcMNPV and TnSNPV are also equally Þt during intra-host competition. The proportion of cadavers that were positive for TnSNPV (alone or with wt-AcM-NPV) and those that were positive for wt-AcMNPV (alone or with TnSNPV) did not differ when the larvae were simultaneously fed equal doses of the two viruses or across all doses combined (Table 4) . Prolonging intra-host competition by repeatedly passing occlusion bodies did not alter the outcome of competition. After seven serial passages, the proportion of cadavers in which TnSNPV was found (alone or mixed) did not differ from that of wt-AcMNPV (Table  5 ). The effect dose and synchrony of infection on the outcome of TnSNPV/wt-AcMNPV competition was the same as that previously discussed for AcMNPVAaIT/wt-AcMNPV intra-host competition. That is, the probability of detecting a virus alone increased with its dose and decreased with the dose of the other NPV. In the case of asynchronous infections, the probability of detecting a virus alone increased when it was the Þrst one fed to the larvae.
It is interesting that although the cadavers of several larvae that had simultaneously been infected with wt-AcMNPV and TnSNPV were positive for two NPVs we did not observe any viral recombination. The restriction proÞles of the viral DNA puriÞed from these cadavers when digested with EcoRI (data not shown) were identical to that of pure TnSNPV or wt-AcMNPV DNA or to a composite proÞle of TnSNPV and wtAcMNPV. It is possible that recombination did not occur because once a cell is infected by one NPV it becomes resistant to infection by a second virus. When two NPVs were simultaneous fed to Pseudoplusia includens Walker only one was symptomatically apparent (Ritter and Tanada 1978) . There also were no cells that had both types of virus when B. mori were infected with an NPV and a CPV or when C. fumiferana were infected with a NPV and GV (Bird 1959 ). Alternatively, it is possible that we did not detect any recombination because these events are rare and are therefore difÞcult to detect in restriction fragmentlength polymorphism analyses.
As previously acknowledged in the Materials and Methods, there is a lower limit to the ability of the PCR to detect the various DNAs. This lower limit may explain why certain replicates of the multiple passage experiments (Tables 2 and 5) were positive for two NPVs at passage 7 yet only one virus was detected at passage 1. Although the PCR may have failed to detect a virus in a sample it is unlikely to change our conclusions. This is because the primers that were used in a given competition experiment were equally sensitive to both viruses and thus it is unlikely that the PCR consistently fail to detect one virus over the other.
Finally, the results of this study have generated many questions that deserve further attention: (1) What is the incidence of wt-AcMNPV in wild cabbage looper populations, and what proportion of insects will harbor both viruses following application of AcM-NPV-AaIT? (2) Do caterpillars dying from a mixed AcMNPV-AaIT/wt-AcMNPV infection stay on the wt-AcMNPV/TnSNPV wt-AcMNPV/TnSNPV plant and lyse easier than those dying from a pure AcMNPV-AaIT infection? (3) Is TnSNPV more prevalent in wild T. ni populations than wt-AcMNPV? (4) What is the "cost " of AaIT insert to the recombinant AcMNPV-AaIT? (5) Are some other inserts (e.g., diuretic hormone gene, Maeda 1989; predatory mite toxin gene, Miller 1991, 1992 ) more costly, and are these recombinant NPVs less Þt than their derived wild type in intra-host competition? (6) Does infection by one virus confer resistance to infection by a second virus?
